I
t has long been known that teenage drivers have higher crash rates than adult drivers. Because young drivers lack maturity and driving experience, they are less able to identify hazards, 1 2 and are more likely to exhibit risky driving behaviors-for example, speeding 3 and following too closely. 4 One approach to helping young drivers safely gain experience is to limit their driving to conditions that are thought to be low risk. Many US states have done this through the implementation of graduated driver licensing systems. As of April 2003, 39 US states and the District of Columbia had implemented a graduated system for licensing young drivers. 5 Of these 39 jurisdictions, 20 restrict both nighttime driving and passenger transport, 17 restrict nighttime driving only, and two restrict passenger transport only. The restrictions are generally in effect when teenagers hold learner permits or provisional licenses.
Research has shown that nighttime driving and passenger transport are each associated with increased young driver crash occurrence. [6] [7] [8] [9] [10] [11] [12] While some studies have estimated passenger effects within time categories, 8 11 no analysis has simultaneously estimated the independent effects of the two factors.
The objective of this study was to estimate the effects of nighttime driving and passenger carrying on the rate of injury crash. We analyzed data from crashes involving 16 and 17 year old drivers in California during a 5.5 year period before the implementation of the state's graduated licensing system. We used an "induced exposure" method to obtain controls for a case-control study and applied Mantel-Haenszel and maximum likelihood odds ratio methods to estimate rate ratios.
METHODS
Because we employed a novel use of the induced exposure method, we briefly discuss the theory behind the method before addressing our study findings. A thorough summary of the history and theory of the method is found in Cuthbert, 13 thus we give only a brief description.
The principal difficulty in conducting studies of crash rates is in obtaining estimates of exposure to the risk of crash.
Because most US states and the federal government have surveillance systems that adequately monitor serious or fatal injury crash involvements, accurate counts for rate numerators are readily available. Obtaining valid estimates of exposure for use as rate denominators is a much greater challenge. The "induced exposure" technique was introduced more than 30 years ago to address this problem. The method was first proposed by Thorpe 14 and developed further by Carr, 15 Haight, 16 and Cuthbert. 13 Variants of this method have been used in several recent studies. 9 17 18 The method is based on the premise that culpable drivers that cause two vehicle crashes select their "victims" randomly from all drivers in the area at the time of the crash. The distribution of these non-culpable drivers ("victims") is then compared with that of the group of drivers of interest to produce rate ratios. Various methods for deriving rate ratios have been used.
Case-control studies were developed to overcome the same problem of missing denominators in studies of disease occurrence. Obtaining information from an at-risk population can be difficult, prohibitively expensive, and, in many cases, impossible. A solution to this problem is the use of an exposure distribution of a control group as a substitute for that of the at-risk population. 19 Early case-control studies conducted in the 1920-50s were simple comparisons of exposure proportions. 20 Cornfield introduced the odds ratio. 21 Methods for estimating a common odds ratio and its variance in stratified data were developed by Woolf 22 and Mantel and Haenszel. 23 Contemporary case-control analyses generally use Mantel-Haenszel methods or an analogous regression model most often using maximum likelihood estimation. Under certain conditions, odds ratios will approximate "relative risks". 24 25 In the present study, a rare outcome assumption is not required for odds ratios to approximate rate ratios because controls are density sampled throughout the study period.
Data source
California law enforcement agencies are required by state law to submit copies of reports for all injury traffic crashes to the California Highway Patrol. We obtained data from the California Highway Patrol statewide integrated traffic records system (SWITRS), a computerized database of crash report information. Submission of reports of non-injury (property damage only) crashes by police departments is voluntary, and thus reporting is likely incomplete and non-representative. To avoid possible bias due to selective reporting, we did not use data from non-injury crashes.
Study design
We conducted a case-control study using controls identified with an induced exposure method. We initially identified all drivers of passenger vehicles, pick-up trucks, sport utility vehicles, or minivans aged 16 or 17 involved in injury crashes between 1 January 1993 and 30 June 1998. Drivers operating a motorcycle, truck, commercial or farm vehicle, or other nonstandard vehicle (for example, golf cart) or who were towing a trailer were excluded. Cases were visibly injured young drivers in single or multivehicle crashes who were determined by the reporting police office to be culpable. Controls were young drivers in two vehicle injury crashes who were not determined to be culpable and who were not cited for any reason. A total of 10 795 cases and 12 906 controls were identified.
Study variables
The analyses included variables in the SWITRS database that describe the crash (day of week, time of day), each vehicle in the crash (driver sex, driver age, injury severity, alcohol use), and occupants in each vehicle (age, sex 
Analysis
Descriptive tabulations of crash and driver characteristics were performed by case status. Logistic regression analysis was used to model the log odds of exposure. The initial model was chosen using prior knowledge. Passenger effect estimates were allowed to vary across levels of alcohol use and time category by including product terms in the models. The degree of heterogeneity was low and was statistically non-significant (p values from 0.09 to 0.29), and model fit was degraded with the terms in the model. Thus the terms were not included in the final model. Sequentially excluded from the final model were drivers with missing information on alcohol use (1019), time of crash (22) , sex (5), and passenger age (477). Models were fitted separately for drivers with visible injuries and drivers with severe or fatal injuries. A sensitivity analysis revealed that model coefficients were not meaningfully different when the observations with missing data were included in the model (unadjusted for those variables).
RESULTS
Twelve percent of case crashes occurred after midnight, compared with 3% for control crashes (table 1). The distributions of crashes by day of week were similar for cases and controls, although a slightly higher proportion of case crashes occurred on the weekend (Friday to Sunday) than control crashes (47% v 44%). Driver alcohol use was markedly more prevalent among cases. Ten percent of case drivers were identified as having used alcohol, while only 0.3% of controls were identified as such.
Overall, 54% of young drivers were carrying passengers at the time of crash. Cases were more likely to be carrying two or more passengers than controls and less likely to be carrying only one passenger.
Relative to daytime driving (6 am to 7:59 pm), both males and females were at higher risk of crash between the hours of 8 pm and 5:59 am (table 2 ). There appears to be little or no elevation of risk during the hours of 4 pm to 10 pm, but after 10 pm risk increases with advancing nighttime hours. Male drivers experienced a larger increase in crash risk during night time categories than female drivers.
For visibly injured drivers (table 3), being 16 (adjusted odds ratio (ORa) = 1.37) and male (ORa = 1.25) were each associated with increased crash risk. Alcohol use was most strongly associated with crash risk (ORa = 21.62). The rate of crash increased with advancing night hours. Overall, adjusted odds ratios for nighttime periods were slightly less than crude odds ratios. Relative to driving alone, young drivers who were carrying male teenage passengers were at a slightly higher risk of crash, while those carrying female teenagers, children, or adults were at a lower risk of crash. Carrying young adults was slightly more protective than carrying female teenagers or children. Carrying mature adults was the most protective of all passenger combinations. For example, the rate of crash was 70% lower when carrying one mature adult, compared with driving alone. Table 4 gives crude and adjusted odds ratios for severely or fatally injured drivers' crash involvements. As in the case of visibly injured drivers, increased crash rates were associated with being 16 (ORa = 1.37), being male (ORa = 1.25), and nighttime driving (ORa for driving in time categories 10 pm to midnight, midnight to 2 am, 2 am to 4 am, and 4 am to 6 am were 1.84, 2.47, 3.70, and 10.63, respectively). Drivers identified as having used alcohol were 40 times more likely to be involved in a crash that severely or fatally injured the driver (95% confidence interval 27.7 to 57.1). Carrying any number of young male passengers or three or more young passengers of mixed gender increased the crash risk, while carrying only young female passengers had no effect on crash risk. Carrying young adults appears to have increased crash risk slightly (ORa = 1.34), while carrying mature adults was associated with a greatly reduced crash risk (ORa = 0.28). Too few crashes occurred when a driver was carrying children or combinations of children, teenagers, or adults for precise risk ratios to be estimated.
DISCUSSION
It has long been observed that nighttime driving is particularly risky for young drivers. For example, Williams reports that the per mile fatal crash rate of 16 year old male drivers is four times greater at night than during the day. 27 Nighttime crashes are a problem for young drivers for a variety of reasons. Teenagers often engage in risk taking behaviors at night 28 and may less often be adult supervised. It has also been noted that while teenagers drive less than adults, they do a larger share of their driving at night. Given the differences in daytime and nighttime crash occurrence and outcomes, it is not surprising that nighttime curfews and graduated licensing systems that restrict nighttime driving have been effective in reducing crash occurrence. [29] [30] [31] [32] [33] [34] [35] In this report we attempt to clarify how nighttime driving and the presence of passengers of various ages influence injury crash rates. Our data support many of the findings of earlier risk factor studies in that both nighttime driving and passenger carrying were strongly associated with increased crash rates. The likelihood of causing an injury crash increased with advancing late night hours for both male and female teenagers. Rate ratios ranged from 1.3 to 10.6. The hours of 10 pm to midnight are particularly dangerous for teenager drivers, despite having lower rate ratios than later time periods. A greater number of drivers were critically injured between 10 pm and midnight than during any other two hour late night time interval. Several other studies have also identified the 10 pm to midnight time period as risky for teenage drivers, yet only six of the 39 graduated licensing systems in the US have restrictions in effect during all of this time period. 5 Relatively few studies of the effects of carrying passengers appear in the literature. Most have reported a fairly strong effect of passenger carrying on crash incidence. The risk of fatal crash involvement may be elevated when young drivers carry passengers for several reasons. One reason is that the crashes may differ with respect to driver behavior or crash circumstances (for example, speed of driving, road type). A second reason is that higher vehicle occupancy increases the opportunity for fatal injury. Studies that examine fatal crash involvements will detect changes in rates that are attributable to changes in occupancy as well as changes in driver behavior. For example, Preusser et al report that the risk of at-fault fatal crash involvement is higher among young drivers carrying passengers than those traveling alone. 9 In their study, fatal crashes were defined as a crash in which any person was killed. Thus the reported rate increase reflects changes in occupancy and may (or may not) reflect changes in driver behaviors or crash circumstances.
In this report, to better understand the effect of passengers independent of the increase in vehicle occupancy, we used driver injury as the outcome of interest. A multivariate model allowed us to control for confounding by other risk factors like time of day and alcohol use. We allowed the passenger rate ratios (estimated with odds ratios) to vary across levels of time category and alcohol use and found that there was no meaningful or statistically significant rate ratio heterogeneity. When young drivers carry passengers, the rates increased to the same degree (on a multiplicative scale) during daytime and nighttime hours and for drinking and non-drinking drivers.
A primary finding of this analysis is that driving in the absence of adult supervision is strongly associated with an increased crash rate. We found that teenagers driving alone were much more likely to cause crashes than those driving in the presence of an adult 30 or older, and those carrying teenage passengers were notably more likely to cause crashes than those driving alone. While driving under adult supervision is markedly safer than driving alone or with young passengers, it should be noted that it appears to be quite uncommon. Among the control drivers, only 7% were carrying one or more mature adults 30 or older. Because of the high prevalence of unsupervised driving, disincentives to driving without an adult may produce significant reductions in crashes.
Although alcohol use was uncommon (0.3% among the control drivers), drinking drivers were markedly more likely to be involved in visible and severe/fatal driver injury crashes (ORa = 21.6 and 39.8, respectively). The low proportion of drinking drivers may be related to California's zero tolerance law for persons under age 21, which prohibits driving with a blood alcohol concentration of 0.01% or greater. Every state in the US currently has a similar zero tolerance law, 36 so few graduated licensing systems in the US specifically address drinking and driving. Licensing jurisdictions outside the US may benefit from the inclusion of an alcohol specific restriction in graduated systems or the use of both legislative approaches together.
This study has several limitations. Rate ratio estimates for driver alcohol use could be biased if the presence of alcohol influenced the determination of culpability by the reporting police officer independently of the effect of alcohol use and other factors on the "true" culpability status. However, we expect that overt signs of alcohol use would have a rather small influence on culpability determination (holding all other factors constant), and thus any resulting bias should be inconsequential. An officer's determination of culpability may be influenced by other factors like crash severity, time of crash, driver sex, and passenger presence, and this may have biased results. Finally, to the extent that the controls do not represent the actual exposure to driving risk by young drivers in California, the estimated rate ratios will be biased from the true parameters. The direction and magnitude of these possible biases are unknown.
IMPLICATIONS FOR PREVENTION
Only 22 (56%) of the graduated licensing systems in the US restrict the carrying of passengers. This report and other studies indicate that the presence of young passengers leads to higher rates of motor vehicle crashes. The incorporation of passenger restrictions into existing graduated systems should result in fewer severe and fatal injuries by reducing the number of at-risk vehicle occupants and by reducing driver behaviors that are associated with high crash rates. However, if the restrictions lead to additional motor vehicle trips by individual teenagers the overall safety benefit could be less than expected. (Research has shown that a notable safety benefit would be obtained under any one of a variety of realistic compliance scenarios. 37 ) In addition, passenger restrictions that are in effect at all hours should lead to larger reductions of injuries than those in effect only at night or only on certain days of the week.
This analysis found that driving in the absence of adult supervision with or without passengers leads to a much higher risk of crash than adult supervised driving. Modifying graduated licensing systems so that initial stages of licensure allow only adult supervised driving may improve their effectiveness.
Twelve US states issue traditional licenses to teenagers that allow them immediate access to unsupervised driving at all hours. The rate of crash involvement by young drivers may be reduced if these states adopt restrictions on driving between 10 pm and 6 am. The hours of 10 pm to midnight are especially risky for young drivers in terms of crash incidence and driver injury severity. States with nighttime driving restrictions could reduce the number of critical injuries to drivers and their passengers by expanding the restrictions to include these hours.
• The lack of adult supervision, the presence of "young" passengers, and driving at night are strongly associated with increased injury crash rates among 16 and 17 year old drivers.
• Driving restrictions that begin at 10 pm may be more effective than restrictions that begin at a later hour.
• Restrictions on carrying passengers at all hours may reduce the occurrence of injury crashes.
• Encouraging adult supervised driving may further reduce crash rates.
